well as physicochemical [8] and catalytic properties [9] [10] [11] . Thermal treatment conditions substantially affect the texture of Cu-containing catalysts [12] . Thus studies of the thermal decomposition and the effects of its conditions on catalytic activity are important [13] . Investigating the thermal treatment improves our understanding of the solid phase transformations and makes it possible to optimize precursor treatment.
Introduction
Cu-containing oxides with the spinel structure have wide technological applications as catalysts for hydrogenation/ dehydrogenation, hydrogen production, alkylation and other reactions [1] [2] [3] [4] . Their synthesis as catalyts is the multistep process of mixed hydroxy compound precursor coprecipitation (commonly hydroxycarbonates), thermal treatment to form mixed oxides, and subsequent reductive activation [5] [6] [7] . Many studies have shown that the conditions of each step affect the microstructure as
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Natalia Vladimirovna Shtertser*, Ludmila Mihailovna Plyasova, Eugene Vladimirovich Dokuchits, Tatyana Petrovna Minyukova, Tamara Mihailovna Yurieva min. Buoyancy was corrected by subtraction of the curve of an empty crucible obtained under the same conditions. X-ray powder diffraction analysis was performed on a D-8 diffractometer (Bruker, Germany) with CuKα radiation (graphite monochromator in the reflected beam). Patterns were recorded in scan mode with 0.02°-0.05° steps and 5s counting per point. The accuracy of Δθ was 0.01°-0.02°, and that of the interplanar spacings (Δd) was 10 -3 Å. Phases were identified using the ICDD database. FTIR spectra were recorded in situ from 550-4000cm -1 on a Scimitar 800 FT-IR (Varian, USA) with a resolution of 4cm -1 . A thin (≤ 0.1mm) tablet of the Cu-Fe-Cr sample was placed in a vacuum IR cell maintained ≤ 0.01Torr (~ 1Pa). The sample was heated continuously to 270°C at 1.5 °/min and 20 scans were acquired every 10°. Table 1 lists the target and actual composition of the samples. The cation compositions closely correspond to the targets. During coprecipitation the cations are hydrolyzed in the mother liquor. The lowest degree of hydrolysis is typical of copper cations. Iron and chromium are hydrolyzed to a greater extent, but the hydrolysis of iron is greater than chromium. The lower the cation hydrolysis, the more CO 3 -2 remain in the precipitate. Variation of the Fe 3+ /Cr 3+ ratio at constant copper content showed that hydroxy compound precursor might involve different number of carbonate anions depending on chromium content [16] .
Results and Discussion

Structure identification
After drying at 70°C, mixed hydroxy compounds comprise the samples. Their diffraction patterns show two broad peaks with maxima at 35.0-35.2° and 62.1-62.3°, which may correspond to imperfect two-layer hexagonal anion packing with a random cation distribution [14, 17] . A typical pattern for Cu 1 Fe 1 Cr 1 is shown in Fig.1 . After drying at 70°C the samples are highly dispersed [14] /M 3+ = 1/2 (spinel stoichiometry), a disordered two-layer hexagonal structure is formed [18] . An increase in the bivalent cation gives the crystallized hydrotalcite structure [18] . A temperature increase to 300-400°C leads to partial anion removal and a three-layer cubic packing. The third broad peak at 2Θ = 43° appears in the diffraction pattern ( Fig. 1) corresponding to a carbonate-modified intermediate oxide. The spinel structure is formed at 500°C and above. Fig. 1 shows the diffraction patterns of the Cu 1 Fe 1 Cr 1 sample at 650 and 750°C with well-defined spinel reflections. The transformation of hydroxycarbonate into mixed oxide can be described by Cu(Fe,Cr)(OH) x (CO 3 ) y *zH 2 O → Cu(Fe,Cr) 2 O 4 + (x+z)H 2 O + yCO 2 and schematically represented as 
Thermal analysis
The TG-DTA data agree well with the literature data. The decomposition proceeds in three steps accompanied by water and CO 2 release [13, 19] . In the first step at 150-180°C weakly bound interlayer water is released. The second step at 230-250°C is accompanied by hydroxyl and carbonate decomposition, and thus by CO 2 and water release with formation of a highly dispersed disordered oxide phase retaining modifying anions of initial hydroxycarbonate. Complete carbonate decomposition takes place at 500-600°C with CO 2 release and spinel-like oxide crystallization. For the CuFeCr-containing samples crystallization was exothermic [14] .
To examine the effect of modifying anions, CuFeCr hydroxycarbonates were preheated at 70, 150, 200, 220 or 280°C. Fig. 3 displays the TG-DTG curves after drying at 70 and 150°C.
Owing to the weakly bound water, effects at 150-180°C and 230-250°C due to water release and hydroxycarbonate decomposition overlap and virtually merge (Fig. 3a) . . The DTG curves are asymmetric, indicating the presence of different groups (Fig. 3a) .
Treatment at 150°C removes weakly bound water. The weight loss in the 230-250°C region becomes pronounced (Fig. 3b) , and the 400-600 o C exotherm effect which accompanies spinel crystallization shifts toward lower temperatures by 15-40°C depending on the Fe 3+ / Cr 3+ ratio (Fig. 4) . After treatment at 150°C weight losses in the 50-400°C range decreased by 6-7% (Table 2) for all the samples except CuFe 2 О 4 . According to TG-MS and literature data [13] the decrease corresponds to weakly bound interlayer water removal. In spite of different Fe 3+ / Cr 3+ ratios, the samples contain approximately equal amounts of weakly bound water.
Partial hydroxyl and carbonate removal by preheating at 200°C shifts the exothermic spinel crystallization by 10-70°C, compared to the sample dried at 150°C. Thus, the total shift is ca. 40-120°C depending on the Fe 3+ /Cr 3+ ratio. Increasing the preheating temperature to 220°C does not change the DTG curve shape and does not shift the exotherm effect (Fig. 4) (Table 2 ) [16] . These samples still retain some OH -and CO 3 -2 groups, indicated by the 8-12% weight loss at 50-400°C (Fig. 4) . The only exception is CuFe 2 O 4 , which contains 3% weakly bound water and for which weight losses after pretreatment at 150 and 200°C differ less than 1% ( Table 2) .
The weight loss accompanying spinel crystallization, which has been attributed to the destruction of carbonate groups [19] , depends on the Fe 3+ /Cr 3+ ratio (Table 3) . A decrease in this ratio increases the amount of CO 3 groups removed on crystallization.
Pretreatment at selected temperatures for two hours forms stable intermediates of the hydroxycarbonate decomposition containing some residual anions. These can be removed with a further temperature increase, as seen from the TG-DTG curves (Fig. 4) .
FTIR spectroscopy
In situ Cu 1 Fe 1 Cr 1 FTIR spectra are in Fig. 5 . Changes with temperature were monitored using typical OH -and CO 3 -2 bands. A broad peak at 3500cm -1 corresponds to OH stretching in the layered blocks, and to the adsorbed (interlayer) water [20] . Its intensity decreases noticeably when the temperature is raised to 220°C due to partial removal of hydroxyl groups and interlayer water. Its further decrease on further heating shows that OH removal continues up to 270°C. The band at 2964cm -1 was attributed to hydrogen bonds between water molecules or OH groups and carbonate distributed in the interblock space [20, 21] . Its intensity decreases and increased temperature, which indicates a gradual removal of water then OH groups with loss of the hydrogen bonds. At 270°C the 2964 cm -1 band is still visible, which means that some of the hydroxyl groups are retained. The bands at 1480 and 1390cm -1 were assigned to carbonate ν 3 doubly degenerate vibrations. The band at 1002cm -1 corresponds to carbonate ν 1 vibrations [16] . When the D 3h symmetry of the free CO 3 -2 anion is preserved, this band is not observed in the IR. The appearance of bands at 1490, 1397 and 1002cm -1 testifies to symmetry lowering due to limitation of the interlayer space and different hydrogen bonds. The band near 680cm -1 was attributed to ν 4 carbonate vibrations [20] . Heating to 270°C was accompanied by decreased intensity of the 1480 and 1390cm -1 bands and shifts to 1516 and 1340cm -1 (Fig. 5) , which may indicate partial CO 3 -2 removal and stronger interaction of the remaining carbonate anions with the layer [22] . Monodentate (C s ) or bidentate (С 2v ) CO 3 -2 coordination with metal cations in the layered blocks is quite probable [16, 23] , leading to decreased interblock distance [22] . As has been shown [21, 22, 24] , further temperature increase results in the formation of a disordered mixed oxide containing carbonate. Formation of a covalent bond between carbonate and metal atoms of a disordered mixed oxide has been called grafting [20 and refs. therein] ; such grafting decreases the interlayer distance. A decrease in the hydroxycarbonate interlayer distance depending on the treatment temperature has been observed [25] , which can be attributed to the chemical features of the anions (carbonates add to the layer by a covalent bond) and physical features of the interlayer space (repulsion between anions decreases with decrease in their number).
Changes in anion coordination in the interblock space and a decrease in the interblock distance with increased pretreatment temperature may be responsible for decreasing the spinel crystallization temperature, at which the final CO 3 groups release takes place [23] . As the Fe 3+ /Cr 3+ ratio decreases, the number of removed anions increases, which leads to a more pronounced decrease in the interlayer distance and greater lowering of the spinel crystallization temperature.
Conclusion
Copper-containing spinels play an important role in natural gas processing to produce hydrogen. The spinel phase is formed through the intermediate oxide modified with carbonate anions, which is a kinetically stable compound [24] produced from decomposition of mixed CuFeCr hydroxycarbonates. The carbonate content depends on the Fe 3+ /Cr 3+ ratio. Removal of modifying anions by increasing the preheating temperature decreases the spinel crystallization temperature. These results will be useful in selecting the composition and pretreatment temperature of the mixed copper-containing hydroxycarbonates to optimize the calcination in catalyst manufacture. 
